The millimeter-wave rotational spectra of o-tolunitrile (C 6 H 4 CH 3 CN) have been investigated in the ground torsional state in the frequency range 50.0-75.0 GHz. Many high-J rotational lines with large A-E splitting due to internal rotation of the methyl top have been assigned. A least squares analysis of the A-E splitting of 92 transitions resulted in the determination of accurate values of internal rotation parameters. The observed parameters were compared with the previously reported experimental values and DFT calculation results.
Introduction
The microwave rotational spectra of molecules having a methyl top attached to a planar frame shows a characteristic splitting corresponding to A and E symmetry of the torsional states. These A-E doublets may be closely or widely spaced depending on the height of the potential barrier and transitions studied. Hence, an analysis of the observed A-E splitting would lead to the determination of the barrier height hindering the internal rotation. Microwave spectroscopic techniques have been widely employed to study the effect of internal rotation of the methyl group on the rotational spectra of the molecules concerned.
Extensive studies on the microwave [1] [2] [3] [4] [5] and electronic [6] [7] [8] spectra of toluene and substituted toluenes have been reported in the literature. In contrast, not much microwave spectroscopic work has been reported on tolunitriles. Fujii et al. [9] have investigated the fluorescence excitation and dispersed fluorescence spectra of o-, m-, and p-tolunitrile in supersonic jets. By analyzing the low-frequency bands due to internal rotation of the methyl group they have successfully determined the height of the potential barrier hindering the internal rotation for m-and p-tolunitrile. However, in the case of o-tolunitrile, the absence of low-frequency bands prevented them from determining the potential barrier.
In an earlier communication, Jaman et al. [10] have reported the rotational constants and a value of the potential barrier V 3 from an analysis of the A-E splitting of the microwave spectrum of o-tolunitrile in the ground torsional state. Later, Hansen et al [11] have investigated the high-resolution microwave spectrum of o-tolunitrile by using molecular beam FT microwave spectroscopic technique and determined rotational, centrifugal distortion constants, 14 N nuclear quadrupole hyperfine constants, as well as V 3 . The internal rotation parameters reported in [10, 11] were in good agreement with each other.
In the present communication, we have extended the analysis of the microwave spectra of o-tolunitrile to high-J rotational transitions where the A-E splittings are large. The inclusion of high-J rotational transitions in the least-squares analysis has improved the accuracy of the molecular constants. Furthermore, a detailed DFT calculation on the molecular structure, molecular constants, and internal rotation parameters are reported and compared with the experimental values. 6 36433 
JK /kHz 0.830 (38) further purification. The millimeterwave spectrum was observed and measured with a conventional 100 kHz Starkmodulated spectrometer in the frequency range 50.0-75.0 GHz. Okaya 24V10A and 35V10 klystrons followed by a frequency doubler (Millitech model MUD-15-H23FO) were used as frequency sources. The klystron frequency was swept by applying a sawtooth voltage on its repeller. The absorption line was modulated with a 100 kHz square wave and phase sensitively detected by using a lock-in amplifier (EG & G Princeton Applied Research, Model 124A). Absorption frequencies were measured at room temperature using a beat frequency technique where a frequency synthesizer (300.0-3000.0 MHz, Model BSVB13, Bonn Hungary Electronics) was used as a local oscillator. The sample pressure was maintained around 20-30 mTorr during the experiment. The method of frequency measurement was described in [5] . The Stark voltage was kept around 500 V/cm. The uncertainty in frequency measurement was estimated to be ±0. 15 MHz.
Spectral Analysis
Since the rotational constants and the potential barrier V 3 hindering the internal rotation are fairly well known from the previous studies [10, 11] the assignments of the spectra for the high-J transitions were completed without much difficulty. Initially, the A and E components of high-J transitions were predicted in the frequency range 50.0-75.0 GHz using the known values of the rotational constants and the potential barrier. The computer program KC3IAM assembled by Kasten [12] from a modified version [13] of Wood's classic treatment of a single top by the internal axis method [14] was used for prediction. Approximate values of A-E splitting were obtained for many transitions in the above frequency range. Around 100 transitions due to high K −1 , K +1 with A-E splitting ranging from 6.3 MHz to 178.4 MHz were observed and measured.
Since the rotational Hamiltonian for the A-species transitions was similar in form to a rigid-rotor Hamiltonian with modified rotational constants [10] known as effective rotational constants [19] the A-species transitions were analyzed using the semirigid rotor Watson's A-reduction Hamiltonian (I r -representation) [20] . Newly measured A-species transitions are listed in Table 1 along with the transitions reported earlier in [10] . In all, 104 transitions were used in the leastsquares analysis. Table 2 represents the values of effective rotational and centrifugal distortion constants and the value of the inertia defect for the A-species transitions after the final cycle of the fit. The standard deviation of the overall fit comes out to be 0.18 MHz.
The assigned E-species lines appear close to their predicted values. Table 3 shows the observed and measured Especies lines and the splitting due to internal rotation of the CH 3 top. The observed A-E splittings of Table 3 were analyzed using KC3IAM program. An iterative least-squares analysis was performed with 92 observed A-E splitting which includes 12 from [10] . Two separate fits were performed. In Fit 1, three independent parameters, namely, the top moment of inertia I α , the potential barrier V 3 and θ a , the angle between the internal rotation axis and the principal axis a were allowed to vary. In Fit 2, two independent parameters, [4] . The "true" rotational and centrifugal distortion constants reported in [11] were used as fixed parameters in these fits. The results of the internal rotation analysis are presented in Table 4 . A comparison of Fit 1 and Fit 2 reveals that parameters in Fit 2 are more accurately determined than that of Fit 1.
DFT Calculation
Quantum mechanical calculations were performed via the density functional theory (DFT) using Gaussian 03 package [21] implemented on Intel Core 2 machine. The calculations were performed to determine the structural parameters, rotational constants, centrifugal distortion constants andinternal rotation parameters I α , θ a , θ b , and barrier to internal rotation (V 3 ) of the methyl top of o-tolunitrile. The moment of inertia of the methyl group I α is obtained by assuming C6-C11 bond as fixed axis of rotation and θ a , θ b were obtained from structural data. The geometry optimization is carried out using Becke three parameter hybrid functional and Lee, Yang, Parr nonlocal correlation functional (B3LYP) with relatively large basis set 6-311G (3d, p). The torsional potential curve of the methyl top is obtained by varying the dihedral angle of one methyl hydrogen from 0 • to 360 • relative to the molecular framework in steps of 10
• on the optimized geometry. The molecular drawing is done by using GaussView 3.0 software package [22] . The number and labeling of o-tolunitrile molecule is shown in Figure 1 . All torsional potential values were calculated with respect to the lowest energy configuration of o-tolunitrile. The calculated potential function is shown in Figure 2 . The potential barrier V 3 calculated by DFT method is found to be 608.41 cal/mol which is comparable with the experimental value of 537.71 cal/mol. The calculated values of rotational constants, centrifugal distortion constants, and internal rotation parameters obtained from DFT theoretical calculations have been compared with the corresponding experimental Table 4 . The agreement is found to be highly satisfactory.
In Table 5 the potential barrier V 3 values of o-tolunitrile have been compared with other related molecules. Structural parameters of o-tolunitrile have been computed and are shown in Table 6 .
Conclusions
The millimeterwave rotational spectra of o-tolunitrile have been measured in the frequency range 50.0-75.0 GHz in the ground torsional state. Many high-J (J max = 30) rotational transitions with large A-E splitting have been assigned. The analysis of these splitting allows us to determine the internal rotation parameters more accurately. A comparison of the V 3 values of different toluene derivatives (Table 5) indicates that a heavier substituent such as a chlorine atom or methyl groups on the toluene ring leads to an enhancement of the torsional barrier values from the corresponding V 3 values obtained in cases where a lighter substituent such as a fluorine atom or a cyanogen group is attached to the ring. To support the experimental results, DFT calculations were carried out with DFT/B3LYP/6-311G (3d, p) basis set. The parameters obtained by DFT calculations were found to be in good agreement with those observed experimentally.
